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Frontiers in particle dark matter searches

(very simplistic summary)

Past decades

Most research focused on

m,, ~100 GeV ~m,,

(e.g. prototypical
WIMP scenario)

Current frontiers

Heavy dark matter
= TeV

mDM —~

Not constrained by colliders.

— Experimentally probed by
axisting / upcoming telescopes
e.g. FESS, IceCube, CTA, Antares

Light dark matter

m,, = few GeV

Not constrained by older direct
detection experiments

— Development of new generation
of direct detection experiments




Heavy (m__ = TeV) dark matter

How does the phenomenology of dark matter look like?
(in popular scenarios, e.g. thermal-relic DM)

New type of dynamics emerges:
Long-range interactions
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Distortion of scattering-state wavefunctions
= affects all cross-sections
e.g. annihilation, elastic scattering

_ ; _ N Production in early universe, e.g. freeze-out
{ = E . .
T = changes correlation of parameters (mass — couplings)
Sommerfeld h ] i) H’L* Indirect detection signals

Elastic scattering
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- Unstable bound states (positronium-like)
= extra annihilation channel

roduction in early universe,
freeze-oyt Vvon Harling, Petraki 1407.7874

.' * |ndirect detection

» * Novel low-energy indirect detection signals

L,{ o 8 Colliders
i

Stable bound states

» Elastic scattering (usually screening)
* Novel low-energy indirect detection signals

 Inelastic scattering in direct detection
experiments (?)

implications of NON-perturbative



Radiative bound-state formation and decay
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Opens a new annihilation channel !




Annihilation vs Bound State Formation

U(1) model
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SU(3) model

e.g. neutralino-squark coann in SUSY
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Annihilation vs

Bound State Formation
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SU(3) model

neutralino-squark coann in SUSY
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final picture!




What about light scalar mediators?
And why do we care?

oooooo

Hidden sector models, - @ ‘9:0 | @
e.g. self-interacting DM
. 9V |-©| @



What do light force mediators do?

* Generate potential - Sommerfeld effect, bound states.

* Provide channel for transitions via on/off-shell emission.
Spin of the emitted mediator determines selection rules.

In many realistic models, including WIMPs:
several mediators present



DM coannihilation with scalar colour triplet
The effect of the Higgs-mediated potential
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Harz, Petraki: 1711.03552, 1901.10030



Bound-state formation of a light scalar

e Capture via emission of neutral scalar suppressed,
due to selection rules: quadruple transitions March-Russel, west 0812.0559

Petraki, Postma, Wiechers: 1505.00109
An, Wise, Zhang: 1606.02305
Petraki, Postma, de Vries: 1611.01394

e Capture via emission of charged scalar [or its Goldstone mode]
extremely rapid: monopole transitions ! OO ey s
Oncala, Petraki: 2101.08666
Oncala, Petraki: 2101.08667

Sudden change in effective Hamiltonian precipitates transitions.
Akin to atomic transitions precipitated by 8 decay of nucleus.
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Bound-state formation
via emission of a charged scalar

14



Scalar DM X,X" coupled to
doubly charged light scalar mediator @
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Oncala, KP: 1911.02605

B RXE L ha
Ay, Oy
UXxT(T) = - — — (—I)E — g har
T r
Potential differs
_ @v | even in the global
Uex(r) = + r symmetry limit

a, - 0

dipole transition

M~ 2g f &P P () Vebi(7) ~ 2g / dp P (1) (7)

Change in effective Hamiltonian
= monopole transition

M2y [@ Yrn(r) ou(r)
extremely fast!
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Scalar DM X,X" coupled to
doubly charged light scalar mediator @

dv=10-2 C!¢=10-3
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Scalar DM X,X" coupled to
doubly charged light scalar mediator @
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Scalar DM X, X" coupled to
doubly charged light scalar mediator @

— DM coupling to gauge vector boson

ay=0 (limit of global symmetry) — ay=0
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Scalar DM X,X" coupled to
doubly charged light scalar mediator @
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Bound-state formation
via Higgs doublet emission

20



Renormalisable WIMP models
with coupling to the Higgs

In some of the archetypal WIMP DM models,
DM is the lightest linear combination of the neutral component of
SU(2) multiplets that couple to the Higgs

oL DO —anHXn+1 + h.c.

Includes many supersymmetric scenarios,
e.g. Wino-Higgsino, coloured co-annihilation

If m>5 TeV, DM freeze-out begins before electroweak phase transition.

21



Doublet-Singlet coupled to the Higgs

1_ _ _ _
0L = 55(@6 —mg)S + D(P — mp)D — (yy DLHS + yrDrHS)+ h.c.

for simplicity, set: YL = YrR =1, Mg =Mp=m
S 1 0 —1
D 2 1/2 | -1
H 2 1/2 | +1

Calculate all cross-sections and freeze-out
in the symmetric electroweak phase.

Oncala, KP: 2101.08666/7 22



Doublet-Singlet coupled to the Higgs

Non-relativistic potentials
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Doublet-Singlet coupled to the Higgs

Bound-state species (n=0, Z=0)
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Doublet-Singlet coupled to the Higgs

Bound-state formation cross-sections

m = 20 TeV, ay = 0.2
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* BSF via scattering on plasma has no effect
* Departure from ionisation equilibrium at T > binding energy
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Doublet-Singlet coupled to the Higgs

Bound-state formation cross-sections

m = 20 TeV, ay = 0.2

10 | g o
= F Q H o
E 10_15_ E ".,’ n
L F T . a
= |- '.::__' J o
B b — ‘ + T o= o 3
510‘55‘;:,-.\“;=;:::;:;;~ .............. g ¥ Radiative BSF .
~ E Ty | .B emission _ o ~ . — — BSFviascatt. -
- %_‘% m Wemission - = ~ lon equilibrium
g h Y ~m H'" emission.Z —>>_ Effective BSF -
£ A L S ]
|
E 107" =<
5 | - . t
ﬁi ;\" Y 'J‘;:: :
e A e, S | I
5 E ~ S =
= : ~ 9N :
! S
g SO i
10 E ™ z
C \ il of
10 i
i Fo 3
E 107" =
E OB~ . *
< Nt T
= 1o—3-:""7‘":_\ b % :
-pf I - t
L O +
E ~ X =
107°% N =
E N -
10 107 10° 10t 10 T 0 10
x=mlT x=miT

ouds o't) :garss

ouds ‘(z/1'2) :sa

TR T RN RIS TSR VUTITT SERNTEY S
sa z+ garss

* BSF via scattering on plasma

has no effect

(scattering kind of important for
bound-to-bound transitions )

Departure from ionisation
equilibrium at T << binding
energy

(because of largeness of
monopole BSF cross-sections)
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Doublet-Singlet coupled to the Higgs

Effective cross-sections

M,, =20 TeV, o= y2/(4m)=0.2
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Doublet-Singlet coupled to the Higgs

Timeline
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Doublet-Singlet coupled to the Higgs
Relic density
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Doublet-Singlet coupled to the Higgs
Relic density
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Conclusions

 Bound states impel complete reconsideration of thermal decoupling at / above
the TeV scale: emergence of a new type of inelasticity von Harling, kp: 1407.7874

Model-independent unitarity arguments salides, kp: 1703.00478

* Role of the Higgs doublet or other scalars can be extremely important.
Ko, Matsui,Tang: 1910:04311; Oncala, KP: 1911.02605, 2101.08666, 2101.08667

 Experimental implications:

- DM heavier than anticipated: multi-TeV probes very important
= puild the 100 TeV collider :)

- Indirect detection:

Enhanced rates due to BSF. cirelii, Panci, kP, sala, Taoso: 1612.07295
Novel signals: low-energy radiation emitted in BSF Baides, calore, kP, Poireau, Rodd: 2007.13787
Indirect detection of asymmetric DM Baldes et al.: 1703.0478, 1712.07489

— Colliders: improved detection prospects due increased mass gap in
coannihilation scenarios

 Effects not limited to freeze-out scenario:
freeze-in, asymmetric DM, self-interacting DM, stable bound states 31
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